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ABSTRACT: A novel electrochemiluminescence (ECL) biosensor
for hyaluronidase (HAase) based on the adjustable electrostatic
interaction between the surface-charge-controllable nanoparticles
and negatively charged electrode has been devised. Hyaluronic acid
(HA)-coated amino-modified ruthenium bipyridine-doped silica
nanoparticles (Ru@SiO,—NH,@HA NPs) have been synthesized
and act as ECL indicators, and the surface of this particle is
negatively charged because HA contains a large amount of OH—
and COO-. The strong electrostatic repulsion between the Ru@
SiO,—NH,@HA NPs and negatively charged indium tin oxide
(ITO) electrode surface leads to the detection of a low-intensity
ECL signal. In the presence of HAase, the HA on the surface of the
Ru@SiO,—NH,@HA NPs can be decomposed, and the particles
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can be transformed into positively charged amino-modified ruthenium bipyridine-doped silica nanoparticles (Ru@SiO,—NH, NPs),
which can be concentrated near the surface of the ITO electrode through electrostatic attraction, and result in the detection of an
enhanced ECL signal. The ECL of the system has a good linear relationship with HAase concentration in the range of 2.0—60 U/
mL, and the limit of detection was 0.37 U/mL. The designed biosensor had been applied to detect the target in real samples with

satisfied results.

KEYWORDS:
negatively charged electrode

S urface-charge-controllable nanoparticles have been applied
in the construction of biosensors frequently.' For example,
Ren et al. used gold nanoparticles (AuNPs) modified with the
target substrate peptide as the signal probe to detect protein
tyrosine (Tyr) kinase.” The substrate peptide modified on the
surface of AuNPs can be phosphorylated by the target, which
makes the negative charge on the surface of AuNPs increase
significantly and results in the change in zeta potential. The
colorimetric sensor based on surface-charge-controllable nano-
particles had been reported.” Positively charged AuNPs were
coated by DNA/RNA oligonucleotide aptamers so that AuNPs
can remain dispersed in the solution through electrostatic
repulsion. When the target is combined with the aptamer, the
negative charge on the surface of AuNPs becomes weaker and
the positive charge is strengthened, leading to the aggregation
of AuNPs and causing a color change in the system. However,
until now, nearly no electrochemiluminescence (ECL) sensor
has been constructed by regulating the surface charge of
nanoparticles.
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The difference in electrostatic interaction between signal
probes with different charges and a charged working electrode
can affect the opportunity of signal probes reaching the
electrode interface, thereby influencing the detection of
This characteristic had been
applied to design biosensors for diverse targets.’

electrochemical or ECL signals.4
However,
most of these biosensors are realized through the regulation of
the length of DNAs by the targets and hence affect the number
of negative charges labeled on the probes, and it cannot be
used for the detection of the target that cannot influence the
DNA strands’ length. Furthermore, most of them are realized
by the change in electrostatic repulsive force, and nearly no
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Figure 1. TEM image of (A) Ru@SiO, NPs, (B) Ru@SiO,—NH, NPs, and (C) Ru@SiO,—NH,@HA NPs; (D) EDS image of Ru@SiO,—NH,@
HA NPs; (E) zeta potential of (a) Ru@SiO, NPs, (b) Ru@SiO,—NH, NPs, and (c) Ru@SiO,—NH,@HA NPs; (F) ECL intensity produced from
Ru@SiO, NPs, Ru@SiO,—NH, NPs, and Ru@SiO,—NH,@HA NPs.

attention had been paid to design biosensors which can change
the direction of the electrostatic interaction.

Hyaluronidase (HAase) is an enzyme which can hydrolyze
hyaluronic acid (HA) with high efﬁciency.6 Excessive HAase
has been reported to be relevant to some malignancies at the
early stages,” so it can work as a tumor biomarker.” Hence,
measuring HAase through a high-accuracy method is essential.
Many methods, including fluorescent methods,”™"" colorimet-
ric methods,"” weighting methods,"® and so on,'* have been
reported for the HAase quantification so far. Our group has
developed two ECL methods for HAase detection based on
changing the molecular weight of signal probes by HAase for
signal probe ultrafiltration and collection'® and decomposing
the hydrogel loaded with signal probes by HAase for signal
probe release.'® However, the efficiency of these ECL methods
was low, and a long reaction time is needed. Hence, efforts
need to be made on addressing the abovementioned problems.

In this work, a novel ECL method based on adjustable
electrostatic interaction between the surface-charge-control-
lable nanoparticles and negatively charged electrode had been
proposed. The HA-coated amino-modified ruthenium bipyr-
idine-doped silica nanoparticles (Ru@SiO,—NH,@HA NPs)
with a lot of negative charges have been synthesized as the
charge-controllable ECL nanoprobes. As the core of nanop-
robes, Ru@SiO, NPs with a porous structure, which allowed
the small molecules to pass through the pore of the
nanoparticle to exchange the electron and energy, have been
widely used in ECL biosensor construction.'” The electrostatic
repulsion between the Ru@SiO,—NH,@HA NPs and the
negatively charged indium tin oxide (ITO) electrode surface
leads to the detection of a low-intensity ECL signal. When
HAase exists, the HA on the surface of the Ru@SiO,—NH,@
HA NPs can be decomposed, and therefore, the Ru@SiO,—
NH,@HA NPs with a lot of negative charges can be
transformed into amino-modified ruthenium bipyridine-
doped silica nanoparticles (Ru@SiO,—NH, NPs) with a lot
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of positive charges. Ru@SiO,—NH, NPs can be concentrated
near the surface of the ITO electrode through electrostatic
attraction and result in the detection of an enhanced ECL
signal, which can be recorded and used for HAase activity
characterization.

B EXPERIMENTAL SECTION

Reagents and Apparatus. Manufacturers and suppliers of all
experimental reagents and apparatus mentioned in the manuscript are
detailed in the Supporting Information.

Synthesis of Ru@SiO,—NH, NPs. Ruthenium bipyridine-doped
silica nanoparticles (Ru@SiO, NPs) were obtained based on our early
reported synthesis method'® and dispersed in anhydrous ethanol (10
mg/mL) for later use. Then, 50 L of 3-aminopropyltriethoxysilane
(APTES, 0.2%) and 1.2 mL of the abovementioned Ru@SiO, NPs
solution were added in 4.75 mL of anhydrous ethanol and incubated
for 2 h. After that, the resulting solution was centrifuged (7000 r/min,
10 min) and then washed with anhydrous ethanol and ultrapure water
three times to purify Ru@SiO,—NH, NPs. The resulting Ru@SiO,—
NH, NPs were dissolved in ultrapure water (4 mg/mL) for later use.

Synthesis of Ru@SiO,—NH,@HA NPs. HA sodium salt solution
(1.8 mL, 0.1%) was blended with 200 uL of 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride and 200 uL of N-hydroxy
succinimide and incubated for 15 min to activate carboxyl, and then,
1.5 mL of the proposed Ru@SiO,—NH, NP solution was dripped
into the abovementioned mixed solution slowly and reacted with HA
for 12 h. Next, the resulting solution was centrifuged (7000 r/min, 10
min) and washed with ultrapure water three times and finally
dissolved in ultrapure water (4 mg/mL) for later use. After that, the
Ru@SiO,—NH,@HA NP solution was obtained as the surface-
charge-controllable ECL indicator in this study.

Procedures for HAase Detection. As the ECL signal probe, the
resulting Ru@SiO,—NH,@HA NP solution (100 L) mixed with 100
HL of deionized water was dripped into different concentrations of
HAase solution [400 uL, containing 15 mM phosphate-buffered saline
(PBS)] and incubated at 37 °C for 1 h. Then, the proposed mixed
solution was added in PBS (1.6 mL, 10 mM) containing 8 uL of
tripropylamine. In the detection procedure, the scan rate of the
electrochemical workstation was 100 mV/s, and the scanning
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Scheme 1. Principle of the Homogeneous ECL Biosensor for HAase Detection Based on the Adjustable Electrostatic
Interaction between the Surface-Charge-Controllable Nanoparticles and Negatively Charged Electrode, Including the (a)
Construction of Surface-Charge-Controllable Nanoparticles and the (b) Detection Process of HAase

® Rru@sio,Nps

—  Hyaluronic acid

° Ru@SiO,-NH, NPs

D Hyaluronidase

&

4

. Ru@SiO,-NH,@HA NPs

Nafion modified ITO electrode

potential range was from 0.6 to 1.6 V; the photomultiplier tube
voltage of the ultraweak luminescence analyzer was —800 V. The ECL
signal produced from the abovementioned solution was recorded, and
the procedure was repeated three times.

Preparation of the Interfering Substance Sample. The
concentration of NaCl, KCl, MgCl,, CaCl,, and urea solution was
10 mM; the concentration of glucose (Glu) and uric acid (UA) was
100 nM; the concentration of glutathione (GSH) and human serum
albumin (HAS) was 10 nM; and the concentration of Tyr was 100 U/
mL. The final concentration of PBS in each interfering substance
solutions was 15 mM.

Preparation of Real Samples. The urine samples including healthy
people and patients analyzed in this work was obtained from the
Affiliated Hospital of Putian University. The urine samples were
centrifuged (8000 r/min) for S min, and the supernatant (400 uL)
was mixed with 100 yL of PBS (60 mM) and Ru@SiO,—NH,@HA
NP solution (100 L) and then incubated at 37 °C for 1 h. After that,
the abovementioned mixed solution can be obtained for detection.

B RESULTS AND DISCUSSION

Characterization of Prepared Nanoparticles. The
characterization of Ru@SiO, NPs, Ru@SiO,—NH, NPs, and
Ru@SiO,—NH,@HA NPs was first performed. The TEM
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Figure 2. Feasibility test of the ECL biosensor.

images of Ru@SiO, NPs, Ru@SiO,—NH, NPs, and Ru@
SiO,—NH,@HA NPs are shown in Figure 1A—C, respectively.
The results indicated that Ru@SiO, NPs, Ru@SiO,—NH,
NPs, and Ru@SiO,—NH,@HA NPs with uniform size have
been synthesized. High-resolution TEM of Ru@SiO, NPs is
shown in Figure S1 (Supporting Information), demonstrating
the porous structure of Ru@SiO, NPs, which allowed the small
molecules to pass through to exchange the electron and energy
during the ECL process. In addition, energy-dispersive
spectrometry (EDS) of Ru@SiO,—NH,@HA NPs (Figure
1D) proved the successful modification of APTES and HA.

The zeta potential of Ru@SiO, NPs, Ru@SiO,—NH, NPs,
and Ru@SiO,—NH,@HA NPs was —12.87, 6.42, and —24.06
mV, respectively (Figure 1E), indicating that the difference in
the surface charge of the prepared nanoparticles is related to
the different groups modified on their surface. The negative
charge on the surface of Ru@SiO, NPs in solution is caused by
the SiOH/SiO™ on their surface; the positive charge on the
surface of Ru@SiO,—NH, NPs is caused by NH,/NH,"
modified on their surface through APTES; the negative charge
on the surface of Ru@SiO,—NH,@HA NPs in solution is
caused by a large number of OH/O~ and COOH/COO~
coated on their surface through HA modification.

As depicted in Figure 1F, the ECL signal produced by Ru@
SiO,—NH, NPs was higher than that from Ru@SiO, NPs,
indicating that positively charged Ru@SiO,—NH, NPs can be
concentrated near the surface of the negatively charged ITO
electrode easily through the effect of electrostatic attraction
and produce an enhanced ECL signal, thereby promoting the
ECL efficiency. The ECL signal produced from Ru@SiO,—
NH,@HA NPs was especially weak; the reason lies in the fact
that this nanoparticle is negatively charged, and the electro-
static repulsion keeps Ru@SiO,—NH,@HA NPs away from
the surface of the negatively charged ITO electrode.

Principle and Feasibility of the Proposed ECL
Biosensor for HAase. Scheme 1 shows the principle of the
developed biosensor. Ru@SiO, NPs carrying plenty of silicon
hydroxyls were modified by APTES and transformed into Ru@
SiO,—NH, NPs. Compared with Ru@SiO, NPs, the Ru@
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Figure 3. Effect of volumes of 0.2% APTES used on (A) zeta potential of Ru@SiO,—NH, NPs and (B) ECL signal recorded; (C) effect of volumes
of HA on the zeta potential of Ru@SiO,—NH,@HA NPs; (D) difference of ECL signals recorded between the control and experimental groups
under different volumes of HA. The inset shows the linear relationship between the ECL recorded and the zeta potential of Ru@SiO,—NH,@HA
NPs; (E) effect of ionic strength (PBS concentration) on ECL intensity; (F) effect of enzymolysis reaction time on ECL intensity.

SiO,—NH, NPs which contain plenty of amidogens and
positive charges can be concentrated near the negatively
charged ITO electrode through electrostatic attraction. Then,
Ru@SiO,—NH, NPs were coated by HA through amido
bonds and transformed into Ru@SiO,—NH,@HA NPs which
contain a lot of negative charges, and this nanoparticle has
been used as the ECL-reporting probe. In the absence of
HAase, the strong electrostatic repulsion occurred between
negatively charged Ru@SiO,—NH,@HA NPs and the
negatively charged ITO electrode surface, so only the low
ECL signal is produced. When HAase exists, the HA coated on
the Ru@SiO,—NH,@HA NPs can be decomposed, which
results in the decrease in the negative charges on the surface of
Ru@SiO,—NH,@HA NPs, and even make Ru@SiO,—NH,@
HA NPs transform into positively charged Ru@SiO,—NH,

2015

NPs. Ru@SiO,—NH, NPs can be concentrated near the
surface of the ITO electrode through electrostatic attraction
and result in an enhanced ECL signal being produced. The
ECL response of the system has some relationship with HAase
concentration, which can be used for quantitative detection.

The feasibility was verified by a simple control trial. As
shown in Figure 2, a weak ECL signal was recorded when
HAase did not exist. However, a strong ECL signal was
detected after the addition of HAase. These results verify the
principle of the abovementioned presumption.

Optimization of the Reaction Conditions. The surface
charge is an important factor of the proposed biosensor.
Modification of amino can observably improve electrostatic
attraction between Ru@SiO,—NH, NPs and the negatively
charged ITO electrode, and the enhanced ECL signal can be

https://doi.org/10.1021/acssensors.2c00801
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Figure 4. (A) ECL signal produced from the homogeneous ECL biosensor and different concentrations of HAase. The inset shows the linear
relationship between the concentration of Haase and ECL intensity; (B) selectivity of the proposed biosensor. The concentration of NaCl, KCl,
MgCl,, CaCl,, and urea solution was 10 mM; the concentration of Glu and UA was 100 nM; the concentration of GSH and HAS was 10 nM; and

the concentration of Tyr was 100 U/mL.

Table 1. Comparison of Different Strategies for HAase
Quantification

linear range LOD detection time
method (U/mL) (U/mL) (min) refs
fluorescence  1.25-350 0.625 180 18
fluorescence  0.1—80 0.06 120 19
fluorescence  1—-50 0.7 45 20
fluorescence  0.025—0.2 0.007 90 21
fluorescence  0.1—8 0.05 96 10
ECL 2.0—40 0.33 150 15
fluorescence  0.05—2 and 0.02 100 22
2.75-S
fluorescence  0.5—37.5 0.30 65 11
ECL 2.0—60 0.37 60 this
work

detected. However, excess modification of APTES may reduce
the hydrophilicity of Ru@SiO,—NH, NPs and hence cause a
low ECL efficiency. Therefore, the dosage of APTES used in
the process of Ru@SiO,—NH, NP synthesis was optimized.
The zeta potential increased with the increase in APTES
volume (Figure 3A), indicating that the charges on the surface
of Ru@SiO,—NH, NPs are controllable. Figure 3B shows that
the ECL intensity of the system increased first with the
increase in APTES volume and reached a peak at 5 uL,
indicating that S yL is the optimized dosage of APTES. When
the volume of APTES exceeded S uL, the ECL intensity was
decreased and the precipitation was observed, and the reason
lies in the fact that excess modification reduces the
hydrophilicity of Ru@SiO,—NH, NPs, thus leading to
coagulation.

The effect of the amount of HA coated on the surface of
Ru@SiO,—NH,@HA NPs had been studied. A small amount
of HA modified on Ru@SiO,—NH, NPs cannot increase the
amounts of negative charges on the nanoparticles effectively,
hence leading to a high background signal. In contrast, a large
amount of HA modified on Ru@SiO,—NH, NPs can produce
a low background signal but reduce the sensitivity of the
proposed biosensor. Therefore, an appropriate dosage of HA
for high signal to background ratio biosensor fabrication is
needed. As shown in Figure 3C, the zeta potential decreased
with the increase in HA volume, indicating that the negative
charges on the surface of Ru@SiO,—NH,@HA NPs can be

2016

Table 2. Determination of HAase Concentration in Urine
Samples Using the Homogeneous ECL Strategy Based on
the Surface-Charge-Controllable Strategy and ELISA Kit (n

=3)
detected detected
HAase by the HAase by
urine spiked ECL method  RSD ELISA recove:
samples (U/mL) (U/mL) (%) (U/mL)  rate (%
healthy 1 0 3.15 3.53 3.22
people
5.0 7.99 1.56 8.26 96.72
10.0 13.20 2.13 13.20 100.46
15.0 18.81 2.38 18.17 104.42
2 0 2.05 2.97 2.16
5.0 7.00 5.26 7.21 99.13
10.0 12.35 2.20 12.19 102.98
15.0 17.40 4.18 17.25 102.35
3 0 2.50 4.63 2.38
5.0 7.56 1.17 7.44 101.30
10.0 12.59 2.20 12.42 100.97
15.0 18.00 3.95 17.49 103.35
patients 1 0 41.55 2.38 41.82
5.0 46.37 3.00 46.93 96.32
10.0 51.74 2.44 S51.79 101.90
15.0 56.25 345 56.88 97.99
2 0 39.51 1.51 39.62
S.0 44.39 3.50 44.69 97.60
10.0 49.43 2.30 49.76 99.17
15.0 54.67 2.83 54.80 101.07
3 0 36.86 2.51 37.07
5.0 42.02 4.89 42.20 103.11
10.0 47.38 4.21 47.24 105.20
15.0 52.24 6.39 51.96 102.49

controlled by HA dosage. As depicted in Figure 3D, the ECL
signal produced from Ru@SiO,—NH,@HA NPs decreased
with the increase in HA solution (0.1 mg/ mL) volume in both
the control and the experimental groups. The signal to
background ratio is the best at 150 yL of HA, which had been
chosen in the following study.

The inset in Figure 3D shows that the ECL intensity has a
good linear relationship with the zeta potential of the
nanoparticles, and the linear equation was Igcp/counts =
73.39 Z/mV + 2635.59, where Izc; and Z represent the ECL
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intensity of Ru@SiO,—NH,@HA NPs and the zeta potential
of Ru@SiO,—NH,@HA NPs, respectively. The correlation
coefficient is 0.974, demonstrating a close relationship between
the ECL intensity and surface charge of Ru@SiO,—NH,@HA
NPs.

The ionic strength used in detection solution has been
optimized. Theoretically, the weak ionic strength in the
solution favors the electrostatic adsorption between electrodes
and nanoparticles but may reduce the electron transfer
efficiency during the ECL process. As shown in Figure 3E,
the ECL intensity of the system increased with the
concentration of PBS and stabilized after the concentration
of PBS reached 10 mM, indicating that the ECL intensity is
mainly affected by the electron transfer efficiency. A weak ionic
strength can lead to the electron transfer efficiency reduction,
and a sufficient ionic strength can saturate the number of ions
on the surface of nanoparticles and the electrode to provide a
stable electron transfer efficiency. Finally, 10 mM PBS had
been chosen in the following study.

The reaction time of HAase and Ru@SiO,—NH,@HA NPs
is also an important condition that needs to be optimized. As
shown in Figure 3F, with the increase in reaction time, the
ECL intensity increased first and then reached a platform at 60
min (the standard sample containing 60 U/mL HAase),
indicating that 60 min is the optimized reaction time.

Performance of the Proposed System. Figure 4A shows
that the ECL response was recorded after the addition of
different HAase concentrations under optimized conditions,
and the inset shows a good linear relationship between the
ECL signal detected and the HAase concentration in the range
of 2.0—60 U/mL. The linear equation was

Iycr/counts = 158.02C .../ (U/mL) + 624.22,
R =0.9974

where Cya,ee and Ipcp represent the HAase concentration of
the sample and the ECL intensity, respectively. R is the
correlation coefficient. The limit of detection (LOD) is 0.37
U/mL (S/N = 3).

As shown in Table 1, compared with most of the other
methods, the current method has a wide linear range and
sufficient sensitivity for HAase detection. Compared with our
early reported ECL strategy,'® the proposed strategy not only
improves the efficiency of enzymatic hydrolysis and shortens
the detection time but also improves the ECL efficiency of the
sensor in homogeneous solution using electrostatic interaction
to aggregate ECL signal probes near the surface of the working
electrode.

The selectivity of the proposed ECL strategy is shown in
Figure 4B. Only weak ECL signals were recorded on the blank
group or in the presence of interfering substances, while a
strong ECL signal was recorded in the presence of a target,
demonstrating the high selectivity of the proposed biosensor.
Ru@SiO,—NH,@HA NPs had been stored at 4 °C and had
been used for HAase detection every week. The outcomes
showed that there was no significant difference between the
Ru@SiO,—NH,@HA NPs after 4 weeks of storage and the
recently prepared Ru@SiO,—NH,@HA NPs, demonstrating
the good stability of Ru@SiO,—NH,@HA NPs.

Application of the Proposed Biosensor. HAase in urine
provided from healthy volunteers and cancer patients was
quantified by the proposed ECL biosensor, and standard
addition recovery rates were obtained to evaluate the
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performance of the proposed method. In addition, the
proposed ECL biosensor was compared with the ELISA
method for further verifying the accuracy of the method. As
depicted in Table 2, the concentration of HAase in the urine of
patients was much higher than that in the urine of healthy
people. The standard addition recovery rates were in the range
of 96.32—105.2%, and the relative standard deviations (RSDs)
were not over 6.4%. Furthermore, the detection result of the
proposed method was similar to that of the ELISA method. All
these outcomes demonstrate the effectiveness and reliability of
the proposed ECL biosensor.

B CONCLUSIONS

In conclusion, a novel ECL biosensor based on the adjustable
electrostatic interaction between the surface-charge-control-
lable nanoparticles and negatively charged electrode has been
devised for HAase quantification. It is the first report, the ECL
strategy based on the target triggers changes in the surface
charge of ECL nanoprobes, which in turn causes the change in
the electrostatic interaction between the nanoparticles and the
negatively charged ITO electrode. This strategy can realize
target detection through the regulation of the surface charge,
thereby improving the efficiency of homogeneous ECL sensing
and expanding the applications of ECL detection. The
designed biosensor has high selectivity and sensitivity, which
had been applied to detect the target in real samples with
satisfied results.
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